Two distinct lattice structures are observed for two-dimensional (2-D) antibody organization on phospholipid films. A low-order, small-unit-cell, square lattice is obtained at pH 7 and below for mouse IgE, mouse IgG2, and IgG2b and rabbit IgG. At pH 7.5 and above, the observed lattice structure switches to a large-unit-cell, hexagonal type for rabbit IgG and mouse IgE. Interchain disulphide reduction by exposure to 2 mM-dithiothreitol results in the formation of the compact 2-D lattice for all cases and for all pH conditions.
INTRODUCTION
Two-dimensional (2-D) self-organization of proteins bound to phospholipid films has been demonstrated for monoclonal mouse IgG, [1] and IgE [2] as well as for certain bacterial toxins [3, 4] , ribonucleotide reductase [5] and RNA polymerase [6] . The 2-D crystals so generated have been, useful for obtaining highresolution images of the proteins comprising the crystals [4, 5, 7] . The induction of ordered arrays on the lipid films may be a useful general approach to the study of proteins and other large macromolecules or macromolecular assemblies in physiological conditions.
In particular, a surface such as a phospholipid bilayer on which free 2-D mobility may be achieved [8] may allow different molecular conformations induced by different solution conditions to be readily visualized. If 2-D ordering can occur for the different induced conformations in physiologically relevant conditions, then the consequences of the conformational changes should be readily manifested in the lattice structure.
It is believed that 2-D organization can occur in a broad range of ionic conditions as long as a high density of the proteins is achieved at the membrane surface. In many instances, specific ligand binding fulfils this requirement, which may also be achieved by ionic interactions [6, 9] . Thus, in general, a range of ionic conditions may be sampled in the growth of 2-D crystals, and the conditions for crystal growth appear to be less stringent than for 3-D crystal growth.
In the case of antibodies, previous studies have focused on several monoclonal antibodies which crystallized into wellordered, large-unit-cell, hexagonal lattices. Antibody conformation could be clearly visualized and the antibodies for those structures were found to be in an open 'Y'-like conformation, with Fab arms at an angle of 1200 to each other [10] . In 
Phospholipids
The phospholipids N-dinitrophenylaminophosphatidylethanolamine (DNP-PE), N-dinitrophenylaminohexanoylphosphatidylethanolamine (DNP-Hex-PE), phosphatidylcholine (PC), phosphatidylethanolamine (PE) and fluorescein-PE (F-PE) were purchased from Avanti Polar Lipids. Fluorescein-glycine-PE (FGPE) was a gift from Dr. J. Owicki and Dr. A. Cantor.
Preparation of supported bilayers
The spreading and sequential transfer of phospholipid monolayers from a water surface to carbon-shadowed electron microscope grids has been described in detail previously [13] . At an equilibrium surface pressure of 0.3-0.4 mN/cm, the monolayers readily transfer to the hydrophilic carbon surface as the grids are dipped through the interface. After a withdrawal through the interface with a spread monolayer, a single monolayer is picked up with polar heads abutting the carbon surface [14] . A second immersion through the interface results in the pick-up of the second half of the bilayer. The grids were withdrawn again into air and allowed to dry before further use. The last withdrawal was also through a spread monolayer of haptinated lipid or through PE to prevent surface tension forces from disrupting the bilayer.
2-D crystal growth and electron microscopy
The grids with the attached bilayers were floated on 20,u1 drops (in microtitre tissue culture plates) of buffer containing the antibody of interest. Depending on the pH desired, the buffers used in these experiments were 10 mM-phosphate, 25 [10] . Such an open conformation would also account for the spacing of the linear chains (Fig. la) .
As the pH was lowered below pH 7.5 a very different ordering occurred for the rabbit IgG. A very compact square lattice was observed (5.5 nm x 5.5 nm). Figs. 1(b) and 2 show the lattice 0, 2 % DNP-PE, 500 4zg of antibody/ml, pH 6.5; El, 5 % DNP-PE, 500 /ug/ml, pH 6.5; A, 20% DNP-PE, 100 ug/ml, pH 6.8; 0, 30% DNP-PE, 100 /g/ml, pH 6.8. structure obtained after incubation for 30 min on a bilayer of DNP-PE/PC (1:4). The antibody was at 200 4ag/ml in 1O mmphosphate (pH 6.5)/150 mM-NaCl. The lattice structure filled the available surface area on the electron microscope grid. An identical lattice structure was formed for a bilayer of FGPE/PC (1: 5) and rabbit anti-fluorescein IgG. The use of whole rabbit antiserum to DNP resulted in the growth of 2-D arrays but at a slower rate and with limited surface coverage (10-20 % of grid surface) after a 10 h incubation.
Mouse monoclonal IgE was also organized into the compact square lattice form below pH 6.5 and at pH 7.5 with 2 mM-DTT present, but otherwise, at higher pH and without DTT, the organization proceeded into open hexagonal lattices as previously described [2] . By contrast, the only organization observed for mouse IgG2, and IgG2b was the square lattice form, regardless of pH and the presence or absence of DTT. Mouse IgG1 was not studied in these experiments, but in prior investigations [16] , mouse IgG1 retained a tendency to form hexagonal lattice structures even at low pH (with much lowered crystal growth rates). A drastic loss in hexagonal and linear crystallization incidence was noted in the presence of DTT at a concentration of greater than 1 mm. There was no optical diffraction from regions of apparent disorder; hence there was no other organization that could be detected. Thus, for this antibody, there is a strong tendency to form the open lattice structure; this tendency is decreased with lowered pH and with the addition of DTT, but it is not replaced by another organized structure as happens for mouse IgE and for rabbit IgG.
The rabbit IgG organization on the phospholipid proceeds very rapidly, as indicated in Fig. 3 Aspects of rabbit antibody binding and ordering are summarized in Table 1 . Arrays could form even from unpurified whole rabbit serum, but heat denaturation and premixing with DNP-BSA or anti-rabbit IgG were procedures that would preclude array formation or significant antibody binding. Finally, after a standard incubation of anti-DNP IgG in which more than 75 % of the lipid is covered with arrays, a pH 4 wash removed all structures and left a blank grid surface as observed in the electron microscope.
Different hapten linkages were utilized. For DNP, both direct and hexacarbon linking to PE resulted in antibody binding and array formation, with no noticeable differences in order quality or rates of crystallization. The same result was obtained for the hapten fluorescein when a direct and triglycine linkage to PE was utilized.
There was no upper limit on the DNP-PE concentration in the lipid bilayer. However, the fastest ordering occurred for low hapten concentrations (2 %) in either PC or PE. For fluorescein there was an upper limit to the hapten concentration. No arrays were observed for 100 % F-PE and very few for 75 % F-PE. High fractional array coverage occurred only at 20-30 % F-PE or FGPE.
The organization of antibodies into square lattice arrays was dependent on pH (Fig. 4) at 10 mM-phosphate and 150 mM-NaCl and with rabbit anti-DNP antibody. Above pH 7 the tendency to form the compact arrays was lost, but this was reversible on return to a lower pH. At pH 8.1 the addition of 2 mM-DTT restored the tendency to form the square lattice arrays (Fig. 4) . A similar tendency was observed for mouse monoclonal IgE. At the higher pH conditions IgE formed extensive hexagonal lattices, and rabbit IgG formed both hexagonal lattices and linear stacks, but at a low frequency (e.g. less than 10 % of lipid area). Mouse monoclonal IgG2. and IgG2b formed only the square lattice arrays, regardless of pH.
At pH 7.5-8.0, a decrease in the salt concentration promotes loss of the square lattice organization, and an increase of salt, restores the organization. Hence charge shielding is an important effect at the higher pH conditions. It may be that such ionic Vol. 272 interactions promote the antibody conformation changes that lead to different lattice types observed as a function of pH. If antibody conformation is the dominant factor in the array formation, then we might expect that inter-heavy-chain disulphide reduction might perturb the conformation at a given pH or that binding to the antibody Fc domain might also perturb the Fab configuration. Fig. 4 shows that the addition of 2 mM-DTT at pH 8.1 restored a square lattice organization (to about an 80 % fractional occupancy). Apparently the release of the hinge disulphide link between the heavy chains (which is known to occur at mild reduction conditions such as used here [20] ) allows the antibody to relax back into a closed Y configuration. This interpretation is supported by the observation that, in multimer formation through a divalent hapten, mild reduction followed by alkylation resulted in an increase of dimers and trimers at the expense of the higher multimers [12] .
Significantly, rabbit IgG F(ab)2 fragments derived from pepsin digestion followed by gel filtration purification give only square lattice formation even at a non-permissive pH value of 8.1 (results not shown). Thus it would appear that the critical residue or residues responsible for the array formation differences as a function ofpH (and therefore ofwhether open or closed antibody conformations are assumed) lie on the CH2 domain beyond the pepsin cleavage point. Also, as noted above, the inter-heavychain disulphide bridge is also involved in these antibody conformational shifts, as mild reducing conditions restored square lattice formation under conditions of high pH and at 150 mM-NaCl.
It will be of interest to investigate whether these observed changes in 2-D lattice structure can be correlated with hydro-1990 dynamic diffusion changes in solution. Polarization spectroscopy [21] in the nanosecond range has yielded much data on segmented flexibility of different antibody classes [19] and even on chimaeric antibodies [22] . Configurational changes such as those inferred from the present studies may be reflected in hydrodynamic diffusion changes as a function of pH and interchain disulphide reduction. If so, such global configurational changes may contribute to the effect observed with polarization spectroscopy. We would also expect that, in antibody multimer formation studies [12] , the multimer distribution would be shifted to low multimers by lowering the pH below 7, and that mouse IgG2.
and IgG2b would form predominantly low multimers regardless of pH. In this respect, the behaviour of mouse IgG1 would be most interesting, as the 2-D crystallization technique used here cannot explicitly indicate a conformational change as a function of pH or through a mild reduction treatment. Finally, the rapid organizational tendency of antibodies bound to phospholipid membranes demonstrated here may be an important factor in 2-D diffusion measurements on such systems [23] .
